The exploration of chemical abundances in globular cluster giant branch stars has revealed element-abundance inhomogeneities between the stars. This study has investigated a sample of giant branch stars in the globular cluster 47 Tucanae, which were observed at a resolution of R ∼ 110 000 using the UltravioletÉchelle Spectrograph on the Very Large Telescope. The analysis of these stars showed non-local thermodynamic equilibrium (non-LTE) effects on the abundances derived from the sample of atomic lines under an LTE approximation. The stellar parameters for each star were redetermined using only high-excitationpotential Fe I lines. The resulting chemical abundance analysis showed enhancements in both the light and heavy s-process element abundances with mean values of [ls/Fe] = 0.53 ± 0.09 dex and [hs/Fe] = 0.40 ± 0.11 dex. However, no trend was found between the ratio of the heavy to light s-process element abundances ([hs/ls] = −0.13 ± 0.14 dex) and metallicity ([Fe/H] = −0.89 ± 0.09 dex) due to the small spread in both of these values. This indicates that the heavy-element-abundance enhancements are not due to third dredge-up of internal nucleosynthesis products in these evolved stars. The source of the heavy-element enhancements is therefore primordial or pollution event related in origin.
I N T RO D U C T I O N
Chemical abundance inhomogeneities are a well-studied phenomenon in globular cluster (GC) stars. Recent advances in telescope and instrument sensitivity are providing observational data of larger samples of stars within clusters at higher resolution. This has enabled a more detailed investigation of the exact nature of the GC abundance anomalies. A significant advance has been the greater number of abundances derived for the elements heavier than iron, in particular the light and heavy s-process elements which provide signatures of key stages in stellar evolution.
The s-process elements are primarily created within asymptotic giant branch (AGB) stars where seed nuclei, in particular Fe, are exposed to neutron fluxes and are built up into heavier nuclei (Busso et al. 2001, hereafter B01) . The neutron fluxes necessary for this process occur only within thermally pulsing AGB stars of mass greater than ∼1.5 M that are undergoing third dredge-up (TDU).
The nature of the cross-sections of these s-process elements results in two s-process peaks. The key elements for the light s-process peak and for the heavy s-process peak are ls = Sr, Y, Zr and hs = Ba, Nd, La , respectively. The elements in these peaks have small Based on observations made with ESO Telescopes at the Paranal Observatories under programme 71.0-0540(A).
†E-mail: cworley@oca.eu (cc) neutron-capture cross-sections, which means they are less likely to capture neutrons than the other s-process elements. The ls elements are built up first from lighter seed nuclei. For the s-process to progress to the hs elements, the neutron flux must be sufficiently high such that the ls elements are forced to capture neutrons and continue the build up of the heavier s-process elements and so to produce the hs peak. The creation of s-process elements within AGB stars is referred to as the 'main' s-process, which produces mainly elements with atomic mass number A 90. The 'weak' s-process (A 90) occurs within massive stars (M ≥ 13 M ) during He-core burning and subsequent convective shell C-burning (Raiteri et al. 1991; Arlandini et al. 1999; The, El Eid & Meyer 2007) . Heavy-element production also occurs in supernovae via the r-process, where high neutron fluxes allow the rapid build up of seed nuclei into heavy elements. Most heavy neutron-capture elements have contributions from the s-and the r-process, and determining how much contribution comes from each source provides evidence to distinguish between differing star-forming scenarios. Key elements are considered to be either mainly s-process, such as Sr and Y, or mainly r-process, such as Eu. However, the majority of the heavy-element isotopes have contributions from both processes, and determining how much contribution comes from each source provides evidence to distinguish between differing star-forming scenarios (Travaglio et al. 2004 ). Note. Listed are the size of the 47 Tuc stellar sample, the telescope, spectrograph, resolution and signal-tonoise ratio per pixel (S/N per pixel) for BW92, J04 and C04, AB05, W06 , McDvL07 and W09. CTIO, the Cerro Tololo Inter-American Observatory; VLT, the Very Large Telescope; UVES, the UltravioletÉchelle Spectrograph; AAT, the Anglo-Australian Telescope; UCLES, the University College LondonÉchelle Spectrograph; ANU, the Australian National University. The stars in a GC were once thought to have formed simultaneously from a single gas cloud, and consequently the only chemical abundance variations between cluster stars would be due to internal nucleosynthesis. However, accumulating evidence indicates that this cannot be the sole explanation for the observed abundance anomalies. The review paper Gratton, Sneden & Carretta (2004) outlines in detail the observed abundance anomalies in GCs and the pollution and primordial scenarios that may account for them.
The heavy elements are thought to be homogeneous within GCs as the AGB stars in GCs are thought to be too low in mass to undergo TDU and so produce s-process abundance variations (B01). As such, they represent a signature of the primordial cluster gas or the polluting mechanism. The number of GC stars that have been analysed for their s-process element abundances is increasing. However, the significant scatter in the s-and r-process element abundances between stars in GCs over a range of metallicities does not provide conclusive evidence for homogeneity in heavy-element abundances in these stellar systems (see fig. 6 in Gratton et al. 2004) .
The southern GC 47 Tucanae (47 Tuc) is an excellent source of study in this regard as it is a bright cluster for which a large sample of stars can be resolved. 47 Tuc resides at a distance of 4.5 kpc from the Sun (Harris 1996) and has an estimated age of 12.5 Gyr (Carretta et al. 2000) . It is considered to be a metal-rich GC with a metallicity of [Fe/H] = −0.76 dex (Koch & McWilliam 2008) .
Key studies of 47 Tuc that have involved s-process element abundances have found differing results. James et al. (2004, hereafter J04) analysed three turn-off stars and eight subgiants in 47 Tuc. Enhancements in Sr and Ba were found for the entire sample, but Y was depleted for the subgiants and slightly enhanced for the turnoff stars. In an analysis of five giant stars, Alves-Brito et al. (2005, hereafter AB05) found enhancements in Ba and La but a depletion in Zr. Wylie et al. (2006, hereafter W06) , for a sample of seven giant stars, found an overall enhancement in s-process elements. Finally Worley et al. (2009, hereafter W09) found s-process enhancements in Lee 2525, a luminous giant star in 47 Tuc. While the results are consistent within each study, the differing samples and derived abundances are contrary to the expected result of heavy-element homogeneity within GC stars. This study seeks to add to this volume of work, with a view of resolving these discrepancies, by the analysis of s-process element abundances for five giant branch stars in 47 Tuc.
O B S E RVAT I O N S
In 2003 July, 47 giant branch stars were observed in six galactic GCs in a study of mass-loss rates (McDonald & van Loon 2007, hereafter McDvL07) . The set contained nine stars in the GC 47 Tuc. The spectra covered the wavelength range 6100 to 9000 Å, with a gap of ∼80 Å around 8000 Å due to the split between the two CCDs. The spectra are of high resolution at R ∼ 110 000 with good signal-to-noise ratio (70 ≤S/N per pixel ≤110). Table 1 lists the observational details for McDvL07 and other key highresolution studies, the results of which were discussed in Section 1 and compared in Section 7 with the results of this analysis.
McDvL07 divided the sample into those with and those without infrared (IR) excess based upon the Infrared Space Observatory observations by Origlia et al. (2002) . Cluster membership analysis was carried out and it was determined from radial velocities that all the stars in the 47 Tuc sample were likely members of this cluster (see McDvL07 for further discussion).
Five of the nine stars observed in 47 Tuc were analysed in this study. The remaining four stars were too cool and had large molecular features that made continuum placement and thus equivalent width measurement very difficult. Fig. 1 shows the spectral region between 6120 and 6190 Å for all nine of the 47 Tuc stars. The key molecular bands for this region are indicated, as well as the Fe lines used in the analysis of these stars. For the hottest stars the spectrum is reasonably flat, but the four coolest stars show strong contamination, most likely due to the TiO bands, which made continuum placement difficult. Only the five hottest stars (tc05, tc02, tc03, tc09 and tc04) were analysed, which provided a reasonable sample with which to pursue the heavy-element-abundance analysis for 47 Tuc.
The stellar parameters of the five stars which were analysed in this study are listed in Table 2 along with the current designation for each star, any previous designations and the spectroscopic stellar parameters derived in this study. In this analysis, two sets of spectroscopic stellar parameters were derived for each star. This will be discussed in full in the following sections. However, the final parameters determined in this analysis for the tc stars are those listed as Spectroscopic 2. 
ANALYSIS
In W09, a 47 Tuc giant branch star, Lee 2525, was analysed for its chemical abundances in order to consolidate s-process element abundances between studies of 47 Tuc. This paper is a continuation of that work, extending the sample of giant branch stars in 47 Tuc that have been analysed for their s-process element abundances. The analysis process used in W09 was calibrated to Arcturus, a standard giant of similar stellar parameters and chemical composition to giant stars in 47 Tuc. The same process is applied to the stars under consideration here.
T eff and log g classification
McDvL07 determined the stellar parameters of the stars based on an estimation of their spectral type. The stellar sample covered a range of temperatures, and the derived values for the effective temperature (Dotter et al. 2007 ). The AGB, as calculated by Dotter et al. (2007) , only covers the 'early AGB' phase. The 'real' AGB extends to the region in the top right-hand corner of the figure. (T eff ) and surface gravity (log g) (see table 3 of McDvL07) are displayed in Fig. 2 .
It was noted that these values may have overestimated the temperatures for these stars. An analysis of their photometric temperatures using Two-Micron All-Sky Survey (2MASS) J − K photometry, the only photometry available for all the stars in this sample, and the calibration equations from Alonso, Arribas & Martínez-Roger (1999) derived much lower temperatures, which are also shown in Fig. 2 . Alonso et al. (1999) notes that for cool stars (T eff ≤ 4500 K) the calibration equations may significantly underestimate the stellar temperature. Hence, the McDvL07 values were used as upper limits and the 2MASS J − K values were used as lower limits in the spectroscopic analysis. The stellar parameters and uncertainties for the 47 Tuc star Lee 2525 that was analysed in W09 are also shown in Fig. 2 , along with two 12.5 Gyr isochrones at [Fe/H] = −1.0 and −0.5 dex for comparison (Dotter et al. 2007 ). 
McDvL07
Spectroscopic 1 Spectroscopic 2 Star ID Other Origlia et al. (2002) . c Ramdani & Jorissen (2001) .
Lee 2525 falls on the AGB of the isochrone with [Fe/H] = −0.5 dex, although potentially could lie on the red giant branch (RGB) for lower metallicities. The majority of the tc stars lie above the tip of the (Dotter et al. 2007) isochrones. However, while the RGB isochrones show the real tip of the RGB in each case, the AGB isochrone calculations stop before the thermally pulsing AGB phase begins, and so the 'real' AGB extends beyond the limit indicated by the lines in Fig. 2 .
The range of possible temperatures for the hottest stars is in better agreement with the [Fe/H] = −1.0 dex isochrone, although the 2MASS (J − K) values are in reasonable agreement with the [Fe/H] = −0.5 dex AGB isochrone. In this analysis, they are assumed to be AGB stars due to their high luminosity and position relative to the expected location of the 47 Tuc AGB, which is midway between the two AGB isochrones used here.
The displayed range of stellar parameters was used as the starting point for determining the spectroscopic stellar models for each star. The stars were then analysed for their chemical abundances using the spectrum synthesis programme MOOG (Sneden 1973) .
Spectral derivation of stellar parameters
The sample of stellar spectra in this study was of sufficiently high resolution that determination of the spectral parameters of the stars could be carried out using a curve-of-growth analysis. A curveof-growth analysis allows the synchronous determination of T eff , log g, metallicity ([Fe/H]) and microturbulence (ξ ) of a star. From the normalized spectrum, the equivalent widths (W) of selected Fe I and Fe II lines were measured. These equivalent widths were used in MOOG to determine the best-fitting stellar model by balancing the derived abundances (log ) with excitation potential (χ ) to find T eff , with reduced equivalent width [log( W λ )] to find ξ , and with wavelength (λ) to ensure that there were no issues with continuum placement. The derived log values for Fe I and Fe II were required to balance in order to find the concordant estimate of log g.
Calibration to Arcturus
The process for the measurement of equivalent widths, stellar parameters and chemical abundances was calibrated using the giant star, Arcturus. While it is typical to analyse stars with respect to the Sun, it has been noted in spectroscopic work that a differential analysis of the programme stars with respect to a standard star of similar parameters will significantly reduce systematic errors in the analysis. Most recently Koch & McWilliam (2008) carried out a differential analysis of 47 Tuc giant branch stars with respect to Arcturus. The calibration analysis used here derived stellar parameters and chemical abundances for Arcturus that were in good agreement with accepted values (Fulbright, McWilliam & Rich 2006) . The derived parameters, key element abundances and associated uncertainties for Arcturus are set out in Table 3 .
The Ba abundance derived from Ba II lines had the most significant associated uncertainties. The two lines from which this abundance was derived are both strong lines with underlying Fe lines contributing to the strength of the feature. As such the Ba abundance is sensitive to changes in T eff , log g and ξ and must be treated with caution. Regarding the other elements, the neutral species are most sensitive to changes in T eff while the ionized species are most sensitive to changes in log g as expected.
The stars in the 47 Tuc sample were analysed using the process calibrated to Arcturus in order to determine their stellar atmosphere parameters. Spectrum synthesis using MOOG (Sneden 1973) was carried out to determine their s-process element abundances (W09). 
Treatment of 47 Tuc stars
The McDvL07 stellar spectra were first normalized to remove the shape of the detector profile. The hottest star in the sample, which was observed in the GC M15, was analysed in IRAF to determine the shape of the continuum in each order. The 47 Tuc spectra were then divided by this continuum shape.
Residual curvature in the spectrum meant a secondary level of normalization about each Fe line was necessary. Fulbright et al. (2006) carried out an analysis of continuum regions in giant branch stars, using Arcturus as a reference. A similar analysis using the clean continuum regions determined in Fulbright et al. (2006) was carried out in this study. However, the stars in this sample were sufficiently cooler than the stars in the Fulbright et al. (2006) sample that the continuum regions were modified to avoid molecular bands that begin to dominate sections of the continuum at these temperatures. Fig. 1 shows the continuum regions used in this analysis to locally normalize each of the Fe lines in that section of spectra.
The stellar parameters were initially derived using the assumptions of local thermodynamic equilibrium (LTE) based on the equivalent width measurement of as many weak to medium strength Fe I and Fe II lines as possible. The initial estimates for the stellar parameters for these stars are listed as Spectroscopic 1 in Table 2 . The stellar parameters for Arcturus and Lee 2525 that were derived in W09 are also included.
The initial stellar models that were derived for the 47 Tuc giant branch stars were more metal poor than had been reported in previous studies. The range in metallicities for the Spectroscopic 1 stellar models was between −0.75 and −0.85 dex. Recent papers report more metal-rich values ∼ −0.65 dex (AB05; W06). However, the most recent paper by Koch & McWilliam (2008) 
N O N -LT E E F F E C T S I N F E I L I N E S
The stellar parameters for all the stars in this study were derived using MOOG which assumes LTE (Sneden 1973) . However, the cool temperatures and low gravities of the tc stars mean that LTE cannot be assumed for all species. Fig. 3 shows [Fe I, Fe II/H] 1 against χ derived using the best-fitting stellar atmosphere model (Spectroscopic 1) in the curve-of-growth analysis for Arcturus, Lee 2525 and tc04. For Arcturus and tc04, the most appropriate choice of ξ was found to be 1.5 km s −1 , while ξ = 1.8 km s −1 provided the best fit for Lee 2525. These are shown in the right-hand column of Fig. 3 . The left-hand column is of the same models but all with ξ = 2.0 km s −1 to show the effect of ξ on the Fe abundance derived from Fe I and Fe II lines.
The stellar parameters specified as Spectroscopic 1 in Table 2 were derived using Fe I lines with the range of χ from 0.0 to 5 eV. The mean of the Fe abundance derived from Fe I lines was required to balance with the Fe abundance from Fe II lines for the stellar parameters, in particular log g, to be correct.
Considering Arcturus in Fig. 3 (a) at ξ = 2.0 km s −1 , there is a distinct spread in the Fe abundance from Fe I lines that is significantly reduced in the ξ = 1.5 km s −1 model. The Fe abundance from Fe II lines is also brought into balance with that from Fe I lines in the ξ = 1.5 km s −1 model. However, for the ξ = 1.5 km s −1 model, there is a distinct break in the derived abundances at χ ∼ 2.65 eV. The Fe I lines below this limit return a higher average Fe abundance than the Fe I lines above this limit, although both sets agree within the uncertainty of the derived [Fe I/H] The discrepancy between derived abundances from highexcitation potential lines compared with low-excitation-potential lines has been well documented. In a spectroscopic analysis of Arcturus and another giant, Pollux, Ruland et al. (1980) made a detailed investigation of departures from LTE in these stars. The primary effect that was noted was an underabundance of the element, assuming an LTE analysis, when derived from low-excitationpotential lines. This was attributed to overionization of the element for low-excitation-potential levels. These lines are formed in high atmospheric layers more susceptible to non-LTE effects, compared with the high-excitation-potential lines which form much deeper in the stellar atmosphere. This departure from LTE for low-excitationpotential lines skews the overall LTE abundance to a lower value than if the departures were taken into account. Ruland et al. (1980) recommended using element lines whose excitation potential (χ ) is greater than the element's ionization potential minus 4.4 eV. This was an arbitrary number which provides a reasonable sample of high-excitation line for any particular element.
In the case of Fe I, this limits the sample to lines with χ ≥ 3.5 eV, although it was specified in Ruland et al. (1980) that the exact division was not critical. This limit is indicated on each of the plots in Fig. 3 . However, based on Arcturus, a natural break occurs at χ = 2.65 eV as noted above. No such break is seen in Lee 2525, but it is clearly seen in tc04. On the basis of the clear χ break seen in Arcturus, it would be reasonable to expect to see a similar break in Lee 2525. However, the lower resolution and S/N of this observation of Lee 2525 compared to the Arcturus atlas is likely to be masking the effect. Table 4 lists the overall mean Fe abundance from Fe I lines, the mean Fe abundance from Fe II lines and the mean Fe abundance from Fe I lines above and below the χ = 2.65 eV limit for each model displayed in Fig. 3 . The models with ξ = 1.5 km s −1 (ξ = 1.8 km s −1 for Lee 2525) are listed first corresponding to the right-hand column in Fig. 3 . The remaining rows in Table 4 list the same quantities for the same models but with ξ = 2.0 km s −1 , corresponding to the left-hand column in Fig. 3 .
Overall the ξ = 2.0 km s −1 results are much more metal poor than the ξ = 1.5 km s −1 results with a greater spread in values, particularly for the [Fe I/H] χ < 2.65 eV subgroup. This is evident for all the stars including Lee 2525 and can be seen when comparing the two columns in Fig. 3 . Also the mean Fe abundance from Fe I lines are better balanced with the mean Fe abundance derived from the Fe II lines for the lower values of ξ .
Closer consideration of the ξ = 1.5 km s −1 models in Fig. 3 shows that the break in abundance at χ = 2.65 eV observed in Arcturus is also present for the tc star. The expected result from Ruland et al. (1980) is that the abundance derived from the low-χ lines are underabundant with respect to the abundance derived from the high-χ lines in an LTE analysis. The Fe I abundance subgroups for both Arcturus and tc04 are contrary to this expected result. Fig. 3 and Table 4 clearly show that in this analysis the low-excitationpotential lines return an LTE overabundance compared with the high-excitation-potential lines. Contrary to this, Ruland et al. (1980) found the low-excitation-potential Fe I lines in Arcturus to be underabundant. The most likely explanation for this discrepancy is the microturbulence value used. The group of Fe I lines just below the 2.65 eV limit is clearly very sensitive to microturbulence, as can be seen in the transition from the ξ = 2.0 km s −1 regime to the ξ = 1.5 km s −1 regime in Fig. 3(a) . At the higher ξ , the group of Fe I lines are underabundant compared with the high-excitationpotential lines. Ruland et al. (1980) used ξ = 1.8 km s −1 for their analysis of Arcturus which is in this ξ regime and consequently provides a consistent result between the studies. As a lower ξ was used in this analysis of Arcturus, the effect is to increase the abundance derived from these strong low-excitation-potential Fe I lines. Hence, an overabundance is observed in the ξ = 1.5 km s −1 regime. For the ξ = 2.0 km s −1 models, the mean Fe abundance derived from Fe II lines is higher than both Fe I subgroups showing that the ξ = 1.5 km s −1 regime is the more appropriate choice. The higher ξ does smooth out the discrepancy in χ , even for Arcturus, showing a better abundance agreement in general between the highand low-excitation-potential Fe I lines. However, the abundances derived from the Fe I and Fe II lines are out of equilibrium at this ξ . Hence, this analysis shows that lower microturbulence values provide more consistent results between the Fe abundance derived from the high-excitation-potential Fe I lines with that derived from the Fe II lines for these giant stars.
While lowering ξ seems to reduce the abundance discrepancy between the high-and low-excitation-potential Fe I lines, it has been noted that increasing T eff and log g will have the same effect and can bring the Fe I and Fe II balance back into line. A detailed review of departures from LTE and the effect on stellar abundances was carried out in Asplund (2005) . It was commented that an LTE analysis of late-type stars using Fe I lines at all χ will overestimate T eff by ∼200 K in low-[Fe/H] stars. Coaxing a best fit between the high-and low-excitation-potential lines therefore leads to a derived stellar model that is much hotter than the star being analysed.
The recommended course of action is to use 3D models that better represent the stellar atmosphere and the departures from non-LTE. This is an advancing field of research, and such an analysis of these stars would be useful in future work. For the purposes of the current study, the alternative course of action is to discard the lowexcitation-potential lines and derive stellar parameters based solely on the high-excitation-potential Fe I lines. A differential analysis to a standard star of similar atmospheric structure and metallicity, in this case Arcturus, will help to reduce systematic errors introduced by the LTE analysis. This type of differential analysis between Arcturus and 47 Tuc giant stars has been carried out recently in Koch & McWilliam (2008) who found the metallicity of 47 Tuc stars to be more metal poor, at [Fe/H] = −0.76 dex, than other recent studies (AB05; W06). In a study of similarly cool AGB stars, Smith & Lambert (1990) also discarded the low-excitation-potential Fe I in order to minimize the effects of departures from LTE on the derived stellar parameters. A differential analysis was also carried out, but with respect to the cool giant α Tau.
In light of the literature on departures from LTE, and the strong sensitivity of many of the low-excitation-potential Fe I lines on microturbulence, the stellar parameters for the five tc stars were rederived using only the equivalent widths from Fe I lines with 2.65 eV ≤ χ ≤ 5.0 eV. The resulting stellar atmosphere model parameters used to the determine the final abundances for each star are listed as Spectroscopic 2 in Table 2 and also included in Table 7 . The reduction of the Fe I line list to include only the lines with 2.65 eV ≤ χ ≤ 5.0 eV meant that deriving a temperature using the [Fe/H] with χ calibration was no longer reliable due to the limited range in χ . It was necessary to return to the T eff values listed in Table 2 and only accept a temperature that fell between the McDvL07 T eff and the T eff derived from the 2MASS (J − K) photometry. The derived [Fe/H] values based on the reduced Fe I line list are up to 0.2 dex more metal poor than the previously derived values, a result that could be predicted from the analysis of the Fe I subgroups carried out above.
Figs 3(c) and (d) compare the two spectroscopic models derived for tc04, Spectroscopic 1 and Spectroscopic 2, respectively. The stellar parameters derived for tc04 from the high-and low-excitation lines (Spectroscopic 1) were cooler than the model derived from the high-excitation lines only (Spectroscopic 2). The derived metallicities for these two models for the different groups of Fe I lines are compared in Table 4 . This star is much cooler and of much lower gravity than both Arcturus and Lee 2525. Hence, the effects of the departures from LTE are much more apparent. For the Spectroscopic 1 model, at T eff = 3950 K, the full Fe I line list was used to balance the Fe abundance derived from Fe I lines with the Fe abundance derived from the Fe II lines. This was achieved, but comparing the resulting mean Fe-abundance values from the two Fe I subgroups shows that there is actually a lack of equilibrium. Hence the derived stellar parameters, referred to as Spectroscopic 1, are incorrect.
While not as metal poor as Fig. 3(c) predicts, the resulting [Fe/H] derived for tc04 using the Spectroscopic 2 model is much more metal poor than is expected for 47 Tuc. While Koch & McWilliam (2008) revise the 47 Tuc [Fe/H] to a more metal poor value than other recent papers, it brings it back in line with previous published values of −0.76 dex (Harris 1996) . However, the values determined here are another ∼0.2 dex more metal poor. A possible cause for this very low metallicity is discussed in Section 6.
N O N -LT E E F F E C T S I N Z R I L I N E S
The s-process element abundances were determined by spectrum synthesis using the line lists that had been calibrated to Arcturus. In particular, the key region of 6125-6150 Å was investigated for its four Zr I features. Fig. 4 shows the section of spectrum from 6134 to 6144 Å for Arcturus, Lee 2525 and the star designated tc04, which includes three of the four Zr I lines that were analysed in this study. Overlaid on each of the observed spectrum are synthesized spectra generated using MOOG and the respective stellar model derived spectroscopically. tc04 is shown twice, in Fig. 4(c) and using the Spectroscopic 1 and the Spectroscopic 2 parameters, respectively.
In Fig. 4(a) , the Zr I lines in the Arcturus spectrum are clearly not enhanced as the synthesized spectrum with no changes to the Zr abundance, [Zr/Fe] = 0.0 dex, is an excellent fit. Considering the same lines in the Lee 2525 spectrum in Fig. 4(b) , there is a clear enhancement in the Zr abundance, [Zr/Fe] = +0.35 dex. An enhancement in Zr is also indicated for tc04, as shown in Fig. 4(c) . However, there is a distinct disagreement between the Zr I lines as to the degree of enhancement. In particular, the weakest line at 6140 Å shows an enhancement of only 0.20 dex, but the two stronger lines at 6134 and 6143 Å are better represented by an enhancement of 0.80 dex. The obvious trend of Zr I abundance with χ in tc04 implies that the temperature of the stellar model is incorrect. An investigation into the effect of changing the stellar parameters on the Zr abundances was carried out. Increasing the microturbulence forced the Zr I abundances into agreement, a value of 2.5 km s −1 providing the best agreement at [Zr/Fe] = 0.06 ± 0.10 dex. However, the Fe I and Fe II abundance balance was then forced out of agreement (see Table 6 ). Given the consistent set of [Zr/Fe] values that were obtained for Arcturus, it was assumed that this discrepancy could not be explained solely by systematic errors within the derivation of equivalent widths and Table 6 . [Zr/Fe] has been derived for each line using the Spectroscopic 1 model for tc04 and for models where the stellar parameters have been varied as specified in Table 6 . Increasing ξ to 2.5 km s −1 provides the best agreement between the Zr I lines. stellar parameters. An alternative explanation for the discrepancy between the Zr I abundances was required. This can best be explained by recognizing that there are likely to be large departures from LTE in low-excitation-potential lines on any element, and that lower-excitation-potential lines return higher abundances as seen in Fe I in Arcturus and tc04. This is in line with the analysis in Section 4 which showed better agreement in individual [Fe I/H] for higher microturbulence.
The χ values for the four Zr I lines discussed here range from 0.0 to 0.52 eV. Of these the three lowest χ lines were discarded from the abundance analysis. Only the line at 6140.460 Å (χ = 0.52 eV) However the stellar parameters, particularly T eff and log g, would need to be derived independently by alternate methods and then the abundances rederived to find the true element abundances. This alternate analysis would provide a useful check on the validity of the procedure undertaken here which takes into account the effects of departures from LTE.
E F F E C T S O F C I R C U M S T E L L A R D U S T
In attempting to reduce the effects of departures from LTE by constraining the Fe I line list to high-excitation-potential lines and to derive the 'true' stellar parameters, another issue had been exposed. While Koch & McWilliam (2008) had measured a minimum [Fe/H] of −0.82 dex, the metallicity values derived here were significantly more metal poor (see Spectroscopic 2 models in Table 2 ). These could be attributed to systematic errors in the analysis process, but the analysis of both Arcturus and Lee 2525 provided reasonable results implying another effect at work. The nature of the stellar sample could well provide the solution. While Arcturus and Lee 2525 are reasonably 'hot' giant stars, the tc samples are quite cool giants that were specifically selected by McDvL07 in order to study mass-loss rates. The 47 Tuc stars all have an IR excess which is indicative of circumstellar dust (see Table 2 ). The stars in this data set have an IR excess, (K − [12]) 0 ≥ 0.65 mag, which is based on the ISOCAM 2 observations from which this sample was drawn (McDonald & van Loon 2007; Origlia et al. 2002) .
A possible mechanism at work is 'veiling', which is typically observed in T Tauri stars, where optically thick dust surrounds the star scattering the light emitted from the star. In regard to T Tauri stars, a circumstellar disc was favoured over a circumstellar envelope to better explain the observed amount of veiling (Myers et al. 1987) . Basri & Batalha (1990) found a correlation between near IR excess and veiling with regard to accretion discs around T Tauri stars. The main effect of veiling is that photospheric absorption line features appear weaker. This effect is also seen in R Coronae Borealis stars in the initial phases of their spectacular declines (Cottrell, Lawson & Buchhorn 1990; Skuljan & Cottrell 2002) .
In effect, this veiling introduces another layer of grey atmosphere such that when normalization occurs the individual lines are scaled to smaller depths than if the veiling effect was not there. The measured equivalent widths are therefore smaller and give correspondingly lower metallicities. This affects all the observed lines, although it will have the greatest effect on strong lines. In this analysis, the Fe I line list was restricted to lines of equivalent width less than 180 mÅ. Discarding Fe I lines of equivalent width greater than 100 mÅ did increase the abundance derived from the Fe I lines but only by a maximum of 0.06 dex. This is well within the uncertainty for the abundance derived from this species (see Table 8 ), indicating that the sample of Fe lines used here are being veiled to the same degree. The heavy-element abundances under consideration were mainly derived from weak lines which would be affected to the same degree as the Fe lines discussed above. As such, differentially the element abundances relative to the derived metallicity can still be considered to reflect the true abundance ratios within the star.
The effects of veiling due to circumstellar dust on the observed spectral line profiles combined with the effects of departures from LTE on neutral species at these cool temperatures and low gravities have introduced significant uncertainties in deriving the stellar parameters and element abundances for the tc stars. It is clear that high-microturbulence values can be used to force consistency between the derived abundances of the Fe I lines (and the Zr I lines), but then equilibrium between the ionized and neutral species is lost. This analysis has derived the Spectroscopic 2 stellar parameters while attempting to take account of these uncertainties, and so derive element abundances with an understanding of the physical characteristics of these stars. The issues raised here have important ramifications for the spectroscopic analysis of stellar spectra, and a greater understanding of these effects must be pursued.
C H E M I C A L A B U N DA N C E R E S U LT S
The heavy-element abundances derived for the 47 Tuc stars, including Lee 2525, are presented in Table 7 . The derived abundances for Arcturus are also included for comparison. For the tc stars, the abundances are derived using the Spectroscopic 2 stellar parameters.
The tc stars are more metal poor than what is expected for 47 Tuc stars. As the same process was used for all the stars in Table 7 , Lee 2525 provides a benchmark as a 47 Tuc star with no IR excess for which a metallicity more consistent with previous studies was derived. The majority of the heavy-element abundances was determined from ionized species which are not as affected by departures from LTE as neutral species. The abundance derived for Y was based on one neutral and one ionized line. The neutral Y line was also of low χ so the same arguments as for the Zr I lines apply (Section 5). However the ionized Y line, as for other ionized lines, is not so affected by departures from LTE and as such its derived abundance can be regarded as being more reliable.
The tc stars show enhancements in Y, Zr, La, Nd and Eu in line with the enhancements observed in Lee 2525. Ba II is enhanced in the tc stars while it is depleted in Lee 2525. Table 8 lists the uncertainties associated with changes in the stellar parameters for the representative star, tc04. As expected, the two neutral species, Y I and Zr I, are both sensitive to temperature, while the remaining ionized species are sensitive to gravity. The Y I and Ba II abundances also show a sensitivity to ξ . The abundances for these elements were derived from strong lines which explains this sensitivity. In particular, the abundance determined for Ba was based on two very strong Ba II lines. The two lines provide consistent results, as seen in the small value for σ . However, the very high sensitivity to ξ means the abundance derived from these lines should be treated with caution. This may explain the difference between the Ba abundance derived for the tc stars and Lee 2525. The abundances for Nd, La and Eu were derived from weak ionized lines, and the variations in stellar parameters resulted in reasonable corresponding changes in abundance.
With this in mind, the heavy s-process ratio, [hs/Fe], was defined using only the La and Nd abundances, and explicitly for this paper ls = Y I, Y II, Zr I, Zr II and hs = La II, Nd II . Returning to 
Abundances relative to Arcturus
The [Fe/H] and [X/Fe] relative to the Sun (Table 7) were recalculated relative to Arcturus and are listed in Table 9 . This recalculation provided a subtle shift in the derived abundances. For the light s-process abundances in Fig. 6(c) there is an offset between the tc stars, including Lee 2525 and the W06 stars that may be attributable to systematic differences between the analysis techniques. Relative to Arcturus (Fig. 6d) , the separation is less distinct though due mainly to a greater spread in the W06 values. There is a tighter agreement between the tc stars.
The heavy s-process abundances (Fig. 6e) show a more consistent set of results with no residual with respect to metallicity. Relative to Arcturus (Fig. 6f) , there is better agreement between the La II and Nd II derived abundances.
Both Y II and Ba II have the greatest spread between the stars which could be attributed to their ξ sensitivity discussed earlier. Otherwise there is reasonable agreement between the stars showing an overall enhancement in the s-process abundances. As the representative r-process element, Eu II is also enhanced with a small spread comparable to the spread of the s-process enhancements. This supports the homogenous nature of the observed heavy-element enhancements. Relative to Arcturus, there is still significant enhancement for all but Eu II. The mean abundance of Eu is close, at the uncertainty limit, to the Arcturus Eu abundance which supports previous observations of Eu abundances in field stars being similar to those in GC stars (J04).
The average of all the 47 Tuc stars analysed in this study and W09 is given in the last three columns of Table 9 . There is a distinct enhancement for both the light and heavy s-process elements, with the light s-process elements being more enhanced than the heavy s-process elements.
[hs/ls] ratio in 47 Tuc giant stars
The ratio of the heavy to light s-process element abundances with respect to a sample of stars of similar metallicity can be used to place the stars in the wider context of heavy-element enrichment. AGB stars in 47 Tuc are not expected to be undergoing TDU as they are too low in mass. However, enhancement in these elements has occurred somewhere in the history of the cluster as concluded in Section 7.1. Comparing the [hs/ls] ratio here with values from other 47 Tuc studies and with expected [hs/ls] to [Fe/H] trends may assist in indicating the source of these enhancements. As shown in Table 1 , the previous high-resolution studies considered here that involved heavy-element abundances in 47 Tuc stars were carried out using spectra from a range of telescopes and instruments. The resolution ranged from 20 000 to 110 000 and the signal-to-noise ratio per pixel ranged from 20 to 200 across the studies. Such a range in the quality of the spectra, and the subsequent differences in analysis techniques between the studies, means the following comparisons of the results must be treated with some caution.
Figs 7(a)-(c) explore the [hs/ls] versus [Fe/H] space of the sample of stars in this study combined with Lee 2525 (W09), the W06 stars and three of the 47 Tuc stars from Brown & Wallerstein (1992) (hereafter BW92). Lee 2525 is the only star that has been observed in more than one of the high-resolution studies considered here. The analysis of Lee 2525 that was carried out in W09 found enhancements in Zr for that star compared with a depletion in Zr that was found for that star and the three other 47 Tuc stars in BW92. Fig. 7(a) .
If one accepts that each study is consistent within itself then the spread of the mean metallicity of each sample reflects the true spread within the cluster. It can be argued that each study is systematically offset in metallicity from the true mean metallicity of 47 Tuc if it is assumed that [Fe/H] is homogenous within this cluster. This can particularly be argued for the tc stars which appear to be significantly more metal poor than previous studies. By determining and removing the offset of the mean metallicity of each sample from the mean metallicity of 47 Tuc ([Fe/H] = −0.76 dex) as determined by Koch & McWilliam (2008) , the samples can be considered as a coherent whole. of giants gives [hs/ls] = +0.35 ± 0.24 dex. These samples are indicating that the hs peak is enriched with respect to the ls peak, whereas the sample considered here finds the hs peak depleted with respect to the ls peak at [hs/ls] = −0.13 ± 0.14 dex. However, the uncertainties between the studies do allow for some agreement between them. Considered as a whole, these sets of results suggest that for these 47 Tuc stars [hs/ls] ∼ 0.0 dex. This is consistent with the main-sequence turn off stars in particular, and may be interpreted as a reflection of the initial composition from which all the 47 Tuc stars have formed.
Finally these results can be compared to theoretical relations determined in B01 as shown in Fig. 8 describe the expected [hs/ls] values from AGB stars undergoing TDU of a certain mass and mixing parameter (the 13 C pocket) over a range of metallicities. The predictions are constructed at a certain stellar mass and for a certain amount of 13 C in the 13 C pocket. This measure of 13 C is referred to as the 13 C pocket parameter and is typically stated relative to the standard case (ST). The standard case was derived in Arlandini et al. (1999) as being the amount of 13 C in AGB stars of mass between 1.5 and 3.0 M at a metallicity of [Fe/H] = −0.3 dex that could explain the main solar component of the s-process elements (B01). For alternative predictions, the amount of 13 C is varied with respect to the standard case by some scaling factor. As the efficiency of the s-process is sensitive to both the amount of 13 C in the pocket and the metallicity of the star, by setting the 13 C pocket parameter to a constant the [hs/ls] predictions for a certain mass can be explored over a range of metallicities.
Following the analysis in B01, the prediction with a 13 C pocket parameter of ST/1.5 and a mass of 1.5 M was selected to compare the [hs/ls] values determined in this research and in previous studies. The comparison is made in Fig. 8 . The theoretical prediction with the same 13 C pocket parameter but a mass of 3.0 M is also shown.
B01 defines AGB stars that are undergoing, or have undergone, TDU and the creation of s-process elements as 'intrinsic'. Stars that bear the signature of TDU by some pollution or primordial event but are not creating s-process elements themselves are 'extrinsic'. An extrinsic signature may be produced by the pollution of the stellar atmosphere due to material ejected from evolved stars by stellar winds, or by pollution of the star-forming gas cloud from which the extrinsic stars were formed. The analysis above shows that the AGB stars in 47 Tuc are extrinsic stars that bear the signature of a previous generation of AGB stars that did undergo TDU. The homogeneity of the s-process element abundance results for these stars indicates that the source of the element abundances is external to the star, although the evidence is insufficient to distinguish between the possible scenarios of pollution. As there are no variations between the stars, no internal nucleosynthesis of these elements is occurring within them. Hence, they are extrinsic giant stars.
If it is assumed that AGB stars are the source of the observed s-process element abundance enhancements then it must also be assumed that the [Fe/H] of the current extrinsic population of stars is the same as the [Fe/H] of the previous intrinsic population, as Fe is not produced within AGB stars. This may not actually be the case, and more detailed scenarios are being considered in which material from both AGB stars and supernovae are responsible for the observed abundance patterns in GC stars (Marcolini et al. 2009 ). But assuming intrinsic AGB stars to be the sole polluters, the chemical composition of the extrinsic giant stars analysed here can be compared to the theoretical predictions in place of the original intrinsic stellar population. However, there is a certain amount of dilution of the chemical signature in the extrinsic stars due to internal mixing.
The prediction for the ST/1.5 case was used in B01 as an average trend that compared well with the s-process element enhancements in intrinsic and extrinsic AGB stars, even taking into account the effects of mixing in the extrinsic stars. A mass of 1.5 M was selected for the average trend, although it was noted that for lowmass AGB stars the initial mass was not a critical criteria. This can be seen in Fig. 8 as the 3.0 M theoretical prediction is very similar to the 1.5 M theoretical prediction at the metallicity of these stars. It is important to note that the mass of 1.5 M refers to the initial mass of the previous generation of intrinsic stars, not to the mass of the extrinsic stars. The extrinsic stars in this 47 Tuc stellar sample have masses that are only M ∼ 0.85 M (Gilliland et al. 1998 ). However, there are time-scale limits on the mass of the polluting star. A 3.0 M star would need approximately ∼1 billion years to evolve into a thermally pulsing AGB that is actively polluting the star-forming material within a GC. A 1.5 M star would need approximately ∼4 billion years to evolve to the same stage. The star-formation epoch of a GC occurs within the first billion years of its history, after which the intracluster gas is ejected from the cluster by supernovae. It can be argued that 3.0 M stars have sufficiently rapid lifetimes such that they may have been able to pollute the intracluster medium from which the extrinsic stars were formed before the gas was dispersed. However, stars of much lower mass are effectively ruled out as potential polluters.
The [Fe/H] realm in which 47 Tuc resides is on the cusp of a steep change in [hs/ls] values based on the theoretical relation. The low metallicities (∼ −0.90 dex) derived in this study place this sample in the worst agreement with the theoretical prediction compared with the other studies, further adding to the argument that the derived metallicity is incorrect. Using instead the mean metallicity ([Fe/H] = −0.76 dex) of 47 Tuc derived in Koch & McWilliam (2008) provides a more reasonable agreement with the theoretical prediction. The theoretical prediction agrees reasonably well with the majority of the studies identifying it as a good choice of mixing parameter for the intrinsic stars that are responsible for the heavy-element pollution in this cluster. The spread in [hs/ls] is of similar magnitude to that of [Fe/H] for each study which further supports a homogeneous distribution of the heavy elements in 47 Tuc.
Overall these figures, combined with the clear homogeneity of the heavy-element abundances shown in Figs 6(a)-(f) , indicate that the s-process element abundance enhancements observed in 47 Tuc giant stars are of primordial or pollution origin and that these giant stars are not undergoing TDU. The good agreement to the predicted [hs/ls] at the metallicity of 47 Tuc supports the scenario of a previous generation of intrinsic AGB stars as the source of the enhancements.
While this analysis has focused on the heavy elements, the lightelement abundances of these stars can provide further evidence regarding the likely sources of the abundance patterns within these stars. Thus far only Lee 2525 has been analysed for light-element abundances. As outlined in W09, the light-element abundances within this star agree with previous analyses that found sodium (Na) to be enhanced while oxygen (O) was not. This pattern is the Na-O anticorrelation that is observed in many GCs, including 47 Tuc. In particular, the results of W09 are in good agreement with (Carretta et al. 2004, hereafter C04) , in which the light-element-abundance analysis of the stars in J04 was carried out. This anticorrelation of Na and O is also indicative of pollution by thermally pulsing AGB stars, as the internal nucleosynthesis at this stage of evolution can produce this enhancement in Na without enhancing O. Considered in combination, both the heavy-and light-element-abundance distributions in 47 Tuc stars determined in these high-resolution studies identify thermally pulsing AGB stars as key sources of pollution in the star-forming history of 47 Tuc.
C O N C L U S I O N
The analysis of these 47 Tuc giant stars has provided significant evidence as to the nature of s-process element abundance enhancements in 47 Tuc. However, the analysis has also shown that departures from LTE plague the spectral determination of stellar parameters for cool, low-gravity giants. A careful analysis is required in order to reduce the errors introduced by an LTE analysis of these types of stars.
The dust clouds that surround these variable stars, indicated by the high-IR excesses, also introduce veiling effects that artificially lower the metallicity of these stars. However, this affects all the element spectral lines and as such, if the line list is constrained to weak high-excitation-potential lines, determining the chemical abundances relative to the derived metallicity of the star will provide a true representation of the relative abundances of the star.
The differential analysis of a star to a standard star of similar atmospheric structure and metallicity is also instrumental in reducing the errors introduced by the above two effects. In this study, the analysis process was calibrated to Arcturus in an effort to reduce any systematic errors.
The s-process element abundances determined in this study, and compared with previous studies, show a homogeneous enhancement of these elements within 47 Tuc. The cool giant stars analysed here show a very similar enhancement to the hotter giant stars in W09 and W06. This implies that the enhancements observed here are not due to these stars undergoing TDU as 47 Tuc giant stars at different stages of evolution bear the same s-process signature. This is in line with the theory that 47 Tuc AGB stars are too low in mass for TDU to occur. For this sample of stars, including Lee 2525, the star analysed in W09, the mean abundance for the light s-process elements was determined to be [ls/Fe] = 0.53 ± 0.09 dex, while the heavy s-process elements were not as enhanced, with a mean abundance of [hs/Fe] = 0.40 ± 0.11 dex.
The [hs/ls] ratios of this sample, considered alongside the stars from W06 and BW92, showed no trend with [Fe/H] . This is expected given the homogeneity that was found for both [Fe/H] and the sprocess elements in these stars. The mean value was found to be [hs/ls] = −0.13 dex, which is in reasonable agreement with the predicted value assuming a 13 C pocket parameter of ST/1.5 and mass of 1.5 to 3.0 M as determined in B01. [hs/ls] values from other studies also agree with this prediction within their uncertainties. However, a larger sample, analysed in a consistent manner, would provide a more precise value for the 47 Tuc stars, and this would allow the choice of 13 C pocket parameter to be refined. This analysis of 47 Tuc giant stars has confirmed the homogeneous enhancement of heavy-element abundances in giant stars in 47 Tuc. The abundance of the s-process elements, as well as the r-process element, Eu, in 47 Tuc stars may be the signature of the primordial gas from which the cluster formed. Alternatively they are evidence of some pollution event early in the cluster's history. The good agreement of the results of this study with predicted s-process abundances supports AGB stars as a likely source of the enhancements in some primordial or pollution event. The observation of light-element-abundance patterns, such as the Na-O anticorrelation, in 47 Tuc stars also supports the scenario of AGB stars as source of the observed abundance distribution. However, the time-scales involved in the formation of GCs indicate that an initial mass of approximately 3.0 M is the minimum needed for pollution to occur in the time available. In order to discriminate between these two scenarios, further investigation of the heavy-element abundances in GCs is required. A large-scale survey which extends down to the main sequence will provide the evidence needed to determine the origin of these enhancements and also to explain the abundance anomalies seen in the light elements.
